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Abstract

This work is a literature review, presenting the current state
of the use of cannabinoids on neurodegenerative diseases.
The emphasis is on Parkinson’s (PD) and Alzheimer’s (AD)
diseases, the two most prevalent neurological diseases. The
review goes from Cannabis sativa and its hundreds of bioac-
tive compounds to A°-tetrahydrocannabinol (THC) and
mainly cannabidiol (CBD) and their interactions with the en-
docannabinoid receptors (CB1 and CB2). CBD molecular tar-
gets were also focused on to explain its neuroprotective ac-
tion mechanism on neurodegenerative diseases. Although
THC is the main psychoactive component of C. sativa, and it
may induce transient psychosis-like symptoms, growing ev-
idence suggests that CBD may have protective effects
against the psychotomimetic effects of THC and therapeutic
properties. Furthermore, a great number of recent works on
the neuroprotective and anti-inflammatory CBD effects and
its molecular targets are also reviewed. We analyzed CBD ac-
tions in preclinical and in clinical trials, conducted with PD
and AD patients. Although the data on preclinical assays are

more convincing, the same is not true with the clinical data.
Despite the consensus among researchers on the potential
of CBD as a neuroprotective agent, larger and well-designed
randomized clinical trials will be necessary to gather conclu-
sive results concerning the use of CBD as a therapeutic strat-
egy for the treatment of diseases such as PD and AD.
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Introduction

Cannabis sativa L. (fam. Cannabaceae) is a medicinal
plant cultivated throughout millennia, for agricultural,
industrial, and medicinal purposes, among others. Over
the years, it became a controversial plant, due to its psy-
choactive effects. Since then, C. sativa has moved back
and forth from the category of herbal medicine to an il-
licit drug and again to a medicinal product [1].

According to the literature, there are more than 550
chemical compounds in C. sativa and more than 100 phy-
tocannabinoidsamongwhichare A°-tetrahydrocannabinol
(THC) and cannabidiol (CBD). These phytocannabinoids
work by binding to cannabinoid receptors (CB1 and CB2),
as well as to other receptor systems [2].
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THC is the main psychotropic constituent of C. sativa
and a CB1 and CB2 receptor partial agonist. Its effects ap-
pear to be influenced by the expression and by the signal-
ing efficiency of cannabinoid receptors, as well as by en-
dogenous cannabinoids (endocannabinoids) release.
CBD displays unexpectedly high potency as an antagonist
of CB1/CB2 receptor agonists [3].

CBI receptors are present at very high levels in the
brain and mediate many of the psychoactive effects of
cannabinoids, while CB2 receptors have a more restricted
distribution, being present mainly in the peripheral sys-
tem, i.e., immune cells, and in a few neurons. Both CB1
and CB2 couple primarily to inhibitory G proteins and,
thus, partial agonism, functional selectivity, and inverse
agonism play important roles in determining the cellular
response to specific cannabinoid receptor ligands [4].

Due to their expression and localization in the CNS,
the CB1 receptor, endocannabinoids, and the enzymes
involved in the synthesis and degradation of these endo-
cannabinoids are implicated in multiple pathophysiolog-
ical events, ranging from memory deficits to neurodegen-
erative diseases [5]. Furthermore, the phytocannabinoids
and terpenoids present in C. sativa may act in concert to
elicit therapeutic effects. While THC directly activates
CB1 and CB2 receptors, CBD is known to modulate the
activity of many cellular effectors, including CB1 and CB2
receptors, 5-HT1A receptors, GPR55, y- and §-opioid re-
ceptors, transient receptor potential vanilloid 1 (TRPV1)
cation channels, PPARY, and the fatty acid amide hydro-
lase enzyme known to break down the endocannabinoid,
anandamide [6].

Evidence has raised the possibility that CBD can act as
anegative allosteric modulator of CB1. Results from com-
putational methods offer a possible explanation of how
CBD can directly modulate the effects of THC on CB1
receptors [7]. Besides, several studies have described CBD
as a multitarget molecule, acting as an adaptogen and as
amodulator, in different ways, depending on the type and
location of disequilibrium, both in the brain and in the
body, mainly interacting with specific CB1 and CB2 re-
ceptor proteins [8, 9].

CBD is being pursued as a therapeutic treatment for
multiple conditions, usually by oral delivery. Despite ani-
mal studies suggesting a low oral bioavailability, the litera-
ture on humans is not sufficient. According to Millar and
coworkers, 2018 [10], of the 792 articles retrieved, only 24
included pharmacokinetic parameters in humans. The
half-life of CBD was reported between 1.4 and 10.9 h after
oromucosal spray, 2-5 days after chronic oral administra-
tion, 24 h after i.v., and 31 h after smoking. The authors
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conclude that understanding properties, such as bioavail-
ability and half-life, is critical to future therapeutic success.

CBD has received great scientific interest, due to its
medical applications. This compound showed efficacy as
an anti-seizure, antipsychotic, neuroprotective, antide-
pressant, and anxiolytic. The neuroprotective activity ap-
pears linked to its excellent anti-inflammatory and anti-
oxidant properties [11]. The objectives of the present lit-
erature review are focused on the neuroprotective
potential of C. sativa, with an emphasis on CBD as a ther-
apeutic strategy for the management of neurodegenera-
tive diseases such as Parkinson’s (PD) and Alzheimer’s
diseases (AD).

CBD and Neurodegenerative Diseases

Neurodegenerative diseases represent one of the main
causes of death in industrialized countries and are char-
acterized by a loss of neurons, in particular regions of the
central nervous system [12]. The increase in life expec-
tancy and the prevalence of neurodegenerative diseases
are rapidly growing worldwide. Evidence indicates that
the pathophysiology of neurodegenerative diseases may
overlap at molecular levels and pathways, leading to cell
death. Oxidative stress (OS) and inflammation, which are
tightly linked and interdependent, are regarded as play-
ing a key role in neurodegeneration pathogenesis [13].

In neurodegenerative diseases, altered proteins under-
go an unfolding process followed by the formation of
B-structures and a pathological tendency to self-aggre-
gate, which is a characteristic of tau protein (TAU) in AD
and a-synuclein in PD. It is believed that this nerve cell
loss underlies the subsequent decline in cognitive and
motor function. Thus, neuroinflammation is common
among neurodegenerative diseases and has been impli-
cated as a critical mechanism responsible for progressive
neurodegeneration [14].

Increased reactive oxygen species (ROS) and OS have
been implicated in the pathogenesis of neurodegenerative
conditions, including AD and PD. The endogenous anti-
oxidant response pathway protects cells from OS, by in-
creasing the expression of cytoprotective enzymes, and is
regulated by Nrf2 (nuclear factor erythroid 2-related fac-
tor 2). Nrf2 regulates cellular resistance to oxidants and
detoxifying and antioxidant defense gene expressions
[15]. Nrf2 has also been shown to exert anti-inflammato-
ry effects and modulates both mitochondrial function
and biogenesis. Mitochondrial dysfunction and neuroin-
flammation are key players in AD and PD [16].
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These neurodegenerative diseases are characterized by
the accumulation of misfolded proteins, contributing to
mitochondrial fragmentation, OS, and neuroinflamma-
tion. In this context, Nrf2 has a pivotal role in redox ho-
meostasis and anti-inflammatory functions in neurode-
generative diseases. Nrf2 activation has been shown to
mitigate several pathologic mechanisms associated with
neurological diseases and thus could be a novel therapeu-
tic approach to target neurodegenerative pathogenesis
such as AD and PD [17, 18].

CBD has been shown to influence interactions of tran-
scription factors Nrf2-NFkB by inhibiting the NF-«xB
pathway, increasing the expression of Nrf2 activators,
and stimulating the transcription activity of Nrf2. More-
over, the antioxidant and anti-inflammatory activities of
CBD are manifested through Nrf2 activation and an in-
hibitor of NF-kB, respectively [19]. In addition, CBD in-
duces the expression of several Nrf2 target genes [20, 21],
becoming an important molecular target for both AD and
PD.

A contribution of neuroprotective and anti-inflamma-
tory therapeutic strategies for these diseases is important
since actual conventional treatments do not stop the neu-
rodegenerative progression. The neuroprotective poten-
tial of CBD, resulting from its anti-inflammatory and an-
tioxidant properties, is under intense preclinical research
for use in numerous neurodegenerative diseases [22].
Thus, CBD, which lacks any unwanted psychotropic ef-
fect, may represent a very promising agent [23, 24].

Furthermore, neurodegeneration leading to PD and
AD has become a major health burden, not only in low-
and middle-income countries but in the developed world
as well. Among all neurodegenerative diseases, 1.8% ac-
counts for PD, while AD for 12%, with the current rates
reporting disease incidences higher in low- and middle-
income countries, is imperative to the demand for novel
research on these two diseases [25].

Recently, the neuroprotective capability of CBD
against OS, as well as its toxicity profile on in vitro culture,
is systematically pursued. Although CBD showed both
neurotoxic and neuroprotective effects on hippocampal
neurons, the use of low-concentrated (i.e., 5 umM) CBD did
not cause toxic effects and significantly rescued the neu-
rons from OS, confirming its neuroprotection capability
[26].

CBD may represent a prototype for anti-inflammatory
drug development for human pathologies, where both in-
flammation and OS play an important role, as in neuro-
degenerative diseases. In this regard, AD and PD, charac-
terized by extensive oxidative damage to different bio-
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logical substrates, lead to cell death by different pathways.
These diseases present a complex etiology, with a variety
of factors contributing to the progression of their neuro-
degenerative processes and then the treatment strategies
should target multiple substrates to stop and/or slow
down the neurodegeneration. In this context, CBD, inter-
acting with the ECB system, has also a cannabinoid recep-
tor-independent mechanism and might be a good candi-
date for antioxidant drug development, for both PD and
AD [27].

The endocannabinoid system (ECS) is currently being
studied as a PD and AD drug target, where the overex-
pression of ECS receptors exerts neuroprotection against
PD and reduces neuroinflammation in AD. THC and
CBD have shown neuroprotection in PD and AD animal
models, although sometimes trigger toxic effects on pa-
tients when administered directly. Therefore, it is impor-
tant to know the molecular cascade following cannabi-
noid treatment focusing especially on gene expression to
identify drug targets for preventing and repairing neuro-
degeneration [25].

Furthermore, a recent systematic review and meta-
analysis [28] showed that cannabinoid-based medicines
(CBMs) are being used worldwide, although their safety
and tolerability in older adults are still not well known.
These data from randomized controlled trials (RCTs)
suggest that although THC-containing CBMs are associ-
ated with side effects, CBMs, in general, are safe and ac-
ceptable in older adults, pointing out the potential of
CBM and CBD for neurodegenerative diseases treatment.
Besides, according to the WHO Report [29], CBD is gen-
erally well tolerated with a good safety profile, which em-
phasizes the need to consider CBM and mainly CBD
promising agents for neurodegenerative diseases treat-
ments.

CBD and Parkinson’s Disease

PD is a major neurodegenerative disease characterized
by progressive degeneration of the nervous system, the
primary locus of the disease being the loss of dopamine
in the substantia nigra pars compacta (SNpc). Dopamine-
based therapies typically help initial motor symptoms.
Nonmotor symptoms require nondopaminergic ap-
proaches (e.g., selective serotonin reuptake inhibitors for
psychiatric symptoms and cholinesterase inhibitors for
cognition) [30]. Levodopa remains the most potent drug
for controlling PD symptoms, yet it is associated with sig-
nificant complications such as the “wearing off” effect,
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levodopa-induced dyskinesias, and other motor compli-
cations [31].

Epidemiological, clinical trials, and experimental evi-
dence implicate inflammatory processes, in the degenera-
tion of dopaminergic neurons in the nigrostriatal path-
way. Cellular mechanisms activated or enhanced by in-
flammatory processes may contribute to mitochondrial
dysfunction, OS, or apoptosis of dopaminergic (DA) neu-
rons. Epigenetic factors have the potential to trigger neu-
roinflammation, including environmental exposures and
age-associated chronic inflammatory conditions [14, 32].

Wingless/integrated (Wnt) proteins are secreted lipid-
modified glycoproteins belonging to a group of signal
transduction pathways. The Wnt signaling mainly con-
sists of three pathways, and the canonical Wnt pathway
leads to the regulation of gene transcription. Signaling by
the Wnt canonical pathway, via the transcription co-acti-
vator beta-catenin (-catenin), controls embryonic de-
velopment and adult homeostasis [33]. The hallmark of
the canonical Wnt/f-catenin signaling pathway is the ac-
tivation of P-catenin-mediated transcriptional activity
[34]. The Wnt pathway and the components of Wnt/p-
catenin signaling are widely expressed in the midbrain
and control of DA neurons.

Evidence suggests that mitochondrial dysfunction
plays a key role in the pathogenesis of PD, and Axin-2, a
negative regulator of Wnt/B-catenin signaling, affects mi-
tochondrial biogenesis. In addition, the unilateral 6-hy-
droxydopamine (6-OHDA) injection into the medial
forebrain bundle (a model of PD) was shown to poten-
tially dysregulate Wnt/p-catenin signaling in the SNpc,
suggesting that the manipulation of Wnt signaling may
enhance the endogenous regenerative capacity of DA
neurons [35]. CBD was shown to downregulate glycogen
synthase kinase 3 beta (GSK-3p), the main inhibitor of the
Wnt/B-catenin pathway. The activation of the Wnt/p-
catenin could be associated with the control of OS and
inflammation [36], and its dysregulation could lead to
diseases, including neurodegenerative diseases [37]. In
the presence of neuroinflammation, the Janus kinase/sig-
nal transducer and activator of the transcription signaling
pathway and other transcription factors are upregulated
and induce microglial activation, contributing to PD [38].

CBD acts as an agonist of TRPV1, PPARy, and 5-HT) 4
receptors and as an antagonist of GPR55 receptor. It also
antagonizes the action of CB1 and CB2 receptor agonists,
acting as an inverse agonist and negative allosteric modu-
lator [39]. Furthermore, CBD exerts its neuroprotective
effects through three G protein-coupled receptors (ade-
nosine receptor subtype 2 A, serotonin receptor subtype
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1 A, and G protein-coupled receptor 55), one ligand-gat-
ed ion channel (transient receptor potential vanilloid
channel-1), and one nuclear factor (peroxisome prolifer-
ator-activated receptor y). Moreover, the therapeutical
properties of CBD are also due to GABAergic modulation
[11]. Figure 1 shows the main molecular targets involved
with the CBD neuroprotective action in PD.

Although the depletion of DA neurons is the most im-
portant neurotransmitter alteration in PD, other neuro-
chemical changes occur and contribute to its symptom-
atology. The underlying molecular pathogenesis involves
multiple pathways and mechanisms, such as a-synuclein
proteostasis, mitochondrial function, OS, calcium ho-
meostasis, axonal transport, and mainly neuroinflamma-
tion [37, 40]. Other alterations include the increased lev-
els of proinflammatory cytokines in the CSF and nigros-
triatal regions of PD brains, leading to reactive microglia
in the SNpc. This may chronically produce ROS, resulting
in OS and mitochondrial dysfunction [41].

In the past decade, CBD has been shown to have com-
pensatory effects both on the ECS and as a neuromodula-
tor and neuroprotector, in models such as 6-OHDA,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, and re-
serpine, as well as other PD models. Although the CBD-
induced neuroprotection observed in animal models of
PD has been attributed to the activation of the CB1 recep-
tor, a recent work proposed that CBD is able of activating
other receptors, such as CB2 and the TRPV1 receptor,
both of which are expressed in DA neurons of the nigros-
triatal pathway [42].

Several in vitro experiments have demonstrated prom-
ising neuroprotective effects of CBD in PD models. In
PC12 and SH-SY5Y cells treated with MPP+, CBD in-
creased cell viability, differentiation, and the expression
of axonal and synaptic proteins [43, 44], and these neuro-
protective effects depend on the activation of tropomyo-
sin receptor kinase A receptors. CBD also protected SH-
SY5Y cells (an in vitro model of PD) against LPS- and
b-amyloid-induced decreases in cell viability. The mech-
anism is independent of nerve growth factor but involves
the receptors of nerve growth factor, tropomyosin recep-
tor kinase A, and an increased expression of axonal and
synaptic proteins suggesting that CBD has a neurorestor-
ative potential that might contribute to its neuroprotec-
tive action [see ref. 43 for a review]. More recently [45],
CBD was shown to decrease the loss of tyrosine hydroxy-
lase expression and cytotoxicity in the MPP*-induced
SH-SY5Y cells. These authors showed that CBD protects
cells from mitochondrial dysfunction, by upregulating
SIRT1 and inhibiting NF-kB and NOTCH pathways.

Viana/Aquino/Estadella/Ribeiro/Viana



PARKINSON’S DISEASE

—

lNeuminﬂu'mnation |<—-—' aidbadiliza

NFxE

Neuroprotection'

Fig. 1. Main molecular targets for cannabidiol (CBD) in Parkin-
son’s disease (PD). Cannabinoid receptors (CB1/CB2), transient
receptor potential cation channel subfamily V member 1 (TRPV1),
Wnt/GSK-3B (Wnt/glycogen synthase kinase 3 beta pathway),
nerve growth factor (NGF), neurotrophic tyrosine kinase receptor

Recently, CBD was shown to exhibit a preferential ac-
tion on astrocytes, activating the astrocytic transient re-
ceptor potential cation channel vaniloid 1 (TRPV1) and
enhancing the endogenous neuroprotective response of
ciliary neurotrophic factor (CNF) [46]. These results
overall support the potential therapeutic utility of CBD in
PD, as both a neuroprotective and symptomatic agent.

CBD (1-10 um) was shown to inhibit the release of
proinflammatory cytokines (TNF-aand IL-1B). CBD also
inhibits glutamate, a mediator of inflammation on mi-
croglial cells stimulated by LPS in a receptor-independent
effect manner [47]. According to these authors, CBD ex-
erts its anti-inflammatory actions by an antioxidant ef-
fect, which is amplified through the inhibition of glucose-
dependent NADPH synthesis. These results confirm that
CBD may have a therapeutic benefit in the presence of
neuroinflammatory processes.

Furthermore, a neurotoxin model of PD, using 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine, ~demonstrated
that the administration of CBD (5 mg/kg, i.p.), for 5
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member (TrkA), Janus kinase (JAK), signal transducer and activa-
tor of transcription proteins (SATAxin3), nicotinamide adenine
dinucleotide (NADH), adenomatous polyposis coli (APC), casein
kinase 1 (CK1), beta-catenin (B-catenin), nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB).

weeks, did not reduce motor deficits or DA neuronal loss
in the nigrostriatal pathway. On the other hand, daily ad-
ministration of CBD (3 mg/kg, i.p.), for 14 days, decreased
both DA depletion and tyrosine hydroxylase expression,
in the striatum of rats that received 6-OHDA [48].

Importantly, the interactions between cannabinoids
and DA neurons in the basal ganglia involve not only the
modulation of other neurotransmitters (y-aminobutyric
acid, glutamate, opioids, and peptides) but also the activa-
tion of CB1 and CB2 receptors. Despite new CBMs have
been proposed for motor and nonmotor symptoms of
PD, so far, results from clinical studies are controversial
and inconclusive and additional clinical studies involving
larger samples of patients, appropriate molecular targets,
and specific clinical outcome measures are needed to
clarify the effectiveness of CBM therapies on PD symp-
toms [49].

As far as clinical trials are concerned, evidence points
to a possible effect of CBD in improving quality of life
measures, in PD patients with no psychiatric comorbidi-
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ties [50]. However, the authors conclude that studies with
larger samples and specific objectives are required, before
definitive conclusions can be drawn. Crippa and cowork-
ers, 2019 [51], found four RCTs involving the administra-
tion of agonists/antagonists of the CB1 receptor, showing
that these compounds were well tolerated. Three trials
involving CBD and PD: an open-label study, a case series,
and an RCT showed that CBD was well tolerated and pre-
sented significant therapeutic effects in nonmotor symp-
toms. However, in these clinical trials, sample sizes were
small and CBD treatment was short (up to 6 weeks). The
authors concluded that large-scale RCTs are needed to try
to replicate these results and to assess the long-term safe-
ty of CBD.

Furthermore, an open-label study with fifteen partici-
pants showed that CBD, in the form of Epidiolex, was ef-
ficacious in PD, but the relatively high dose used was as-
sociated with liver enzyme elevations [52]. The authors
conclude that RCT is needed for investigating various
forms of Cannabis in PD. Another review [53] present
clinical trial data on the benefits and potential side effects
of CBD-based drug products, specifically Epidiolex show-
ing the state of the art and the primary and secondary
outcomes. Besides the study designs are inconsistent, the
drugand dosage used also varies significantly, what could
explain differences in side effects. While CBD has been
proven to be well tolerated in a wide range of patients suf-
fering from various ailments, there is certainly need for
better-designed clinical trials. Furthermore, although ob-
servational studies establish subjective symptom allevia-
tion and interest in medical Cannabis or its derivatives
among PD patients, there is insufficient evidence to sup-
port its integration into clinical practice for motor symp-
tom treatment [54].

A systematic search of the literature, conducted in
June 2021 [55], presented five RCT and eighteen nonran-
domized studies investigating cannabis treatments in PD
patients. According to the authors, although no compel-
ling evidence was found to recommend the use of canna-
bis in PD patients, a potential benefit was identified with
respect to alleviation of PD-related tremor, anxiety, pain,
improvement of sleep quality and quality of life.

A recent literature review identified 569 papers on PD
and cannabinoid treatments [56]. Of these, there were
only seven papers featuring RCT on the effects of differ-
ent cannabinoids on PD. The results of these trials did not
support the efficacy of cannabinoids in the treatment of
motor signs of PD, and the authors concluded that there
is currently insufficient data for supporting the adminis-
tration of cannabinoids to PD patients. In conclusion,
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there is a consensus in the literature that larger, RCT on
cannabis use in PD should be conducted, to show con-
vincing data concerning the benefits of CBD in PD pa-
tients.

CBD and Alzheimer’s Disease

AD is a chronic neurodegenerative disease affecting
the central nervous system and leading to decline of cog-
nitive functions. One of the causes is the decrease of the
neurotransmitter acetylcholine levels in the brain, in part
due to a higher activity of acetylcholinesterase (AChE),
the enzyme responsible for acetylcholine degradation
[57].

AD can be considered as a multifactorial pathology
that depends on a combination of both genetic and envi-
ronmental factors. There are several possible causes as-
sociated with AD onset, besides alterations in the cholin-
ergic system, such as deposition of beta-amyloid (Ap) ag-
gregates, precipitation of intracellular neurofibrillary
tangles (NFTs) (due to hyperphosphorylation of protein
Tau), OS, neuroinflammation by microglial activation,
high concentrations of heavy metals, metabolic diseases
(such as those provoked by dysregulation of cholesterol
homeostasis), type 2 diabetes, and obesity [58]. There-
fore, many pharmacological strategies have been de-
signed, aiming at slowing down AD symptoms, but such
strategies have been mostly ineffective.

The characteristic neuropathological aspects of AD
are senile plaques, NFTs, and amyloid angiopathy. These
brain lesions associated with AD are characterized by the
presence of a broad spectrum of inflammatory mediators
produced by cells residing in the brain, including neurons
[41]. Senile plaques in AD patients were shown to express
CB1 and CB2 cannabinoid receptors together with mark-
ers of microglial activation. However, CB1-positive neu-
rons, present in high numbers in control cases, are great-
ly reduced in areas of microglial activation. Furthermore,
G protein coupling and CB1 receptor protein expression
were found to be markedly decreased in AD brains [59].
These results indicate that cannabinoid receptors are im-
portant in the pathology of AD and that cannabinoids
succeed in preventing the neurodegenerative process oc-
curring in the disease.

AD is associated with OS due, in part, to the mem-
brane action of AP peptide aggregates. Thus, the effect of
CBD was also studied on AP peptide-induced toxicity on
PC12 cells [60]. These earlier results indicate that CBD
exerts a combination of neuroprotective, anti-oxidative,
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and anti-apoptotic effects against A peptide toxicity and
that inhibition of caspase 3 appearance from its inactive
precursor, pro-caspase 3, by CBD, is involved in this neu-
roprotection.

Some years ago, CBD was studied on PC12 cells and
the results showed that Ap-induced TAU hyperphos-
phorylation was inhibited by CBD [61]. This inhibition
was seen to be associated with a downregulation of
p-GSK-3, an inhibitor of the Wnt pathway. CBD may
also increase Wnt/p-catenin by stimulation of PPARYy, in-
hibition of AP, and ubiquitination of the amyloid precur-
sor protein. CBD attenuated OS and diminished mito-
chondrial dysfunction and ROS generation. CBD sup-
pressed, through activation of PPARY, proinflammatory
signaling and, thus, the above authors concluded that
CBD may be a potential candidate for AD therapy.

In the case of AD treatment, CBD can rescue the pro-
duction of NFTs and inhibit neuronal apoptosis, acting
indirectly as an endogenous cannabinoid receptor ago-
nist to exert its neuroprotective effects. A recent work
[37] showed that CBD promotes neuroprotection through
different signal transduction pathways mediated indi-
rectly by cannabinoid receptors. Furthermore, CBD pre-
vents the GSK-3P hyperphosphorylation caused by Ap
and may be a new therapeutic candidate for AD.

Besides, recent findings in AD rodent models have
demonstrated promising effects of cannabinoids in re-
ducing amyloid plaque deposition and stimulating hip-
pocampal neurogenesis [62]. Beneficial effects on several
dementia-related symptoms have also been reported in
clinical trials after cannabinoid treatments. Accordingly,
future studies should address the correct therapeutic dos-
age and timing of treatment, related to the use of canna-
binoids in AD therapy.

AD is characterized by the accumulation of amyloid-p
and tau hyperphosphorylation, neuroinflammation, and
OS. CBD has demonstrated neuroprotective, anti-in-
flammatory, and antioxidant properties in vitro; thus, it
is being investigated as a potential multifunctional treat-
ment option for AD. The current status quo of in vivo ef-
fects of CBD, in pharmacological and transgenic animal
models for AD, demonstrates its ability to reduce reactive
gliosis and the neuroinflammatory response, as well as to
promote neurogenesis [63]. Importantly, CBD also re-
verses and prevents the development of cognitive deficits
in AD rodent models [64, 65].

Interestingly, combination therapies of CBD and THC
show that CBD can antagonize the psychoactive effects
associated with THC and possibly mediate greater thera-
peutic benefits than phytocannabinoids alone [63]. Ac-
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cording to these authors, this study provides “proof of
principle” that CBD and possibly CBD-THC combina-
tions are potential candidates for novel AD therapies.
However, further investigations should address the long-
term potential of CBD and evaluate mechanisms involved
in the therapeutic effects described.

CBD has been shown to reverse cognitive deficits of
AD transgenic mice and to exert neuroprotective, anti-
oxidative, and anti-inflammatory properties in vitro and
in vivo [65]. This study was the first to demonstrate the
ability of CBD to prevent the development of a social rec-
ognition deficit in AD transgenic mice and provides the
first evidence that CBD may have the potential as a pre-
ventive treatment for AD.

Furthermore, cannabinoids present neuroprotective
properties, reduce neuroinflammation, and enhance neu-
rogenesis, and evidence suggests that the utilization of
marijuana products containing both THC and CBD or
CBD alone is effective and safe for use in older people
with agitation associated with dementia [66]. A recently
conducted review [67] summarized positive findings for
the therapeutic benefits of cannabinoids in the agitation
of AD and dementia, but there was no definitive conclu-
sion because of varying cannabinoid products.

Cannabinoids seem to be well tolerated, with few
short-term side effects, differing from first-line medica-
tions utilized for dementia behaviors, which can have un-
wanted side effects. Cannabinoid-based medicines
(CBM) have shown an ability to inhibit some symptoms
associated with dementia with few adverse effects. Al-
though there are several studies and recent reviews fo-
cused on these issues, further research regarding the safe-
ty, efficacy, and variability of phytocannabinoids is need-
ed [24, 65-69].

The use of nanoparticle drugs can give better effects on
the target tissue, since AD due to its high prevalence re-
quires more appropriate treatments. A previous study in-
vestigated the effect of CBD, coated by nano-chitosan, on
learning and memory, hippocampal CB1 and CB2 recep-
tors, and amyloid plaques in an AD rat model [70]. Ac-
cording to these authors, it seems that CBD coated by
nano-chitosan has good potential for reducing Af
plaques, increasing brain CB1 and CB2 levels, and im-
proving learning and memory in AD rats.

A prospective observational study [71] tested the ac-
ceptability, practical aspects, and clinical outcomes of a
THC/CBD-based oral medication in severely demented
patients, in a specialized nursing home in Geneva. The
authors concluded that an oral cannabis extract with
THC/CBD, at higher dosages, was well tolerated and
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greatly improved behavior problems and rigidity, in se-
verely demented patients.

Computational modeling of the THC-AChE interac-
tion revealed that THC binds in the peripheral anionic
site of AChE [72], the critical region involved in amyloid
genesis. Compared to currently approved drugs, pre-
scribed for the treatment of AD, THC is a considerably
superior inhibitor of AP aggregation, and this study pro-
vides a previously unrecognized molecular mechanism
through which cannabinoid molecules may directly im-
pact the progression of AD.

In AD, the Wnt/B-catenin pathway is downregulated;
PPARy is increased. Downregulation of Wnt/p-catenin,
through activation of GSK-3 by AP, and inactivation of
PI3K/Akt signaling involves OS in AD. GSK-3f phos-
phorylation activates tau hyperphosphorylation, which
induces NFTs and neuroinflammation [61]. Wnt pro-
teins participate in the remodeling of pre- and post-syn-
aptic regions, thus modulating synaptic function, and are
constantly released in the brain to maintain basal neural
activity [73]. The Wnt family of secreted glycolipopro-
teins via the transcription co-activator p-catenin controls
embryonic development and adult homeostasis [34]. In
the brain, Wnt/p-catenin signaling is not only crucial for
neuronal survival and neurogenesis, but it plays impor-
tant roles in regulating synaptic plasticity and blood-
brain barrier integrity and function [74].

Moreover, activation of Wnt/p-catenin signaling in-
hibits amyloid-p production and TAU hyperphosphory-
lation in the brain. Wnt/B-catenin signaling is greatly
suppressed in AD brain, via multiple pathogenic mecha-
nisms, and, as such, restoring Wnt/p-catenin signaling
represents a unique opportunity for the rational design of
novel AD therapies [75]. Evidence suggests that synaptic
signaling is compromised in the aging brain and in AD,
contributing to the synaptic decline. Thus, Wnt signaling
is a prominent synaptic pathway and is required for syn-
aptic plasticity in the adult brain [76, 77]. Emerging stud-
ies suggest that enhancing Wnt signaling could boost syn-
aptic function during aging, ameliorate synaptic pathol-
ogy in AD, and by targeting Wnt signaling components,
may provide novel therapeutic avenues for synapse pro-
tection or restoration in the brain [78].

Specifically, the Wnt/B-catenin axis is pivotal to the
development and homeostasis of the central nervous sys-
tem, and its dysregulation has been associated with vari-
ous neurological diseases, including neurodegenerative
diseases [79]. Therefore, this signaling pathway has been
proposed as a potential therapeutic target against neuro-
degeneration. The increasing interest in the role of the
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Wnt/B-catenin pathway, on the onset of neurodegenera-
tive diseases, demonstrates how targeting this signaling
for therapeutic purposes could be a great opportunity for
neuroprotection and neuro repair. Furthermore, by re-
storing this signaling, one may strongly increase the
chance to develop disease-modifying treatments for these
brain pathologies [77].

Impaired Wnt signaling pathways are associated with
enhanced levels of amyloid-f, reduced B-catenin levels,
and increased expression of the GSK-3f enzyme, suggest-
ing their direct association with the pathogenesis of AD.
Importantly, various natural and synthetic molecules, in-
cluding CBD, have been shown to modulate Wnt signal-
ing in the adult brain, leading to a process of neurogen-
esis and alleviating behavioral dysfunction [78].

The peroxisome proliferator-activated receptor
(PPAR) family of nuclear receptors, consisting of three
subtypes (PPARa, PPARY, and PPARP/S), plays a major
regulatory role in energy homeostasis and metabolic
function and, also, important functions in neurodegen-
erative diseases, among others [80]. PPARYy has been re-
ported to be involved in the etiology of pathological fea-
tures of AD. In addition, PPARS with a potent anti-in-
flammatory activation property and PPARS agonism
were shown to reduce the brain Ap levels, in a transgenic
mouse model of AD [81].

Moreover, due to its interaction at PPARy, CBD was
observed to stimulate hippocampal neurogenesis. PPARy
coordinates lipid, glucose, and energy metabolism and is
found, in elevated levels, in the brains of AD patients [82].
Furthermore, a physiological function of PPARYy is its
ability to modulate inflammatory responses. In animal
models of AD, the PPARy agonist treatment results in the
reduction of amyloid plaque burden, reduced inflamma-
tion, and reversal of disease-related behavioral impair-
ment. In addition, a phase II clinical trial showed that the
use of the PPARY agonist rosiglitazone was associated
with improved cognition and memory, in patients with
mild to moderate AD, and may represent an attractive
therapeutic target for the treatment of the disease [82].

Besides, PPARY agonists have been shown to reduce
inflammatory responses, in several animal models of neu-
rological diseases, and decrease amyloid burden in trans-
genic mice. Thus, GW742 (a PPARS agonist) was shown
to reduce amyloid plaque burden and astrocyte activation
in glia cells [83]. These results suggest that PPARS ago-
nists can also reduce amyloid burden, likely to be medi-
ated by effects on amyloid clearance. PPARY has been re-
ported to be involved in the etiology of pathological fea-
tures of AD. CBD, devoid of psychomimetic effects, has
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Fig. 2. Molecular targets for cannabidiol (CBD) in Alzheimer’s dis-
ease (AD). Cannabinoid receptors (CB1/CB2), transient receptor
potential cation channel subfamily V. member 1 (TRPV1), Wnt/
GSK-3B (Wnt/glycogen synthase kinase 3 beta pathway), amyloid
precursor protein (APP), beta-amyloid (AP) peptide, peroxisome

attracted much attention because of its promising neuro-
protective properties in rat AD models, even though the
mechanism responsible for such actions remains un-
known. Results showed that the blockade of PPARY was
able to significantly blunt CBD effects on reactive gliosis
and subsequently on neuronal damage. Moreover, due to
its interaction with PPARY, CBD was observed to stimu-
late hippocampal neurogenesis [84].

Activation of PPARYy mediates neuroprotective and
anti-inflammatory actions of cannabinoids, among oth-
ers, in conjunction with activation of the more tradition-
al target sites of action, such as CB1 and CB2 receptors
and the TRPV1 ion channel. PPARs also mediate some of
the effects of inhibitors of endocannabinoid degradation
or transport [85, 86]. Figure 2 shows the main CBD mo-
lecular targets which possibly justify its neuroprotective
action by decreasing mitochondrial dysfunction and ROS
generation.

Cannabis sativa and CBD in
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proliferator-activatedreceptors (PPARY),beta-catenin (B-catenin),
neurofibrillary tangles (NFTs), nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«kB), tau protein (TAU), reactive
oxygen species (ROS).

Recent studies [87], using an AD mouse model, sug-
gested that CBD can reverse cognitive deficits along with
ApB-induced neuroinflammatory, oxidative responses,
and neuronal death. Furthermore, CBD can reduce the
accumulation of AP and hyperphosphorylation of tau,
possibly delaying AD progression. Besides, the non-can-
nabinoid receptor, PPARY, has been suggested to be in-
volved in multiple actions of CBD. Considering their an-
ti-inflammatory and neuroprotective properties, PPAR-
/6 agonists are promising treatments for AD and other
neurodegenerative diseases. Therefore, future studies
should test PPAR-B/S ligands, in combination with li-
gands of other PPARs, in these neurological diseases and
in inflammation [88].

CBD can potentially enhance neuroprotection, by re-
ducing inflammation, regulating cerebral blood flow, in-
creasing neurogenesis, and protecting the brain against
ROS. Interestingly, Shelef et al. [89], recruited 11 AD pa-
tients to an open-label, 4 weeks, in a prospective trial type
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of study. The objective was to measure the efficacy and
safety of medical cannabis oil containing THC, in reliev-
ing behavioral and psychological symptoms of dementia.
The authors concluded that adding cannabis oil contain-
ing THC to AD patients’ pharmacotherapy is safe and a
promising treatment option. However, double-blind
RCTs are still required for validating the use of CBD as a
medication for dementia [90].

Conclusions

The pathways to the development of AD and PD share
similarities, though the specific components or proteins
involved may differ. A unifying feature of these neurode-
generative diseases is the abnormal accumulation and
processing of mutant or damaged intra- and extracellular
proteins leading to brain neuronal vulnerability and dys-
function. A detailed review of ubiquitin-proteasome,
mRNA splicing, mitochondrial dysfunction, and OS
pathway interrelation on neurodegeneration can im-
prove the understanding of the action mechanism of
these diseases. The identified pathways common to AD
and PD nominate promising new targets for further stud-
ies as well as biomarkers that may require simultaneous
targeting of multiple components [91].

While the efficacy of cannabinoids was not proven in a
robust RCT, observational studies showed promising re-
sults, especially for patients whose symptoms were refrac-
tory. In addition, the safety profile is favorable as most of
the ADEs reported were mild. Future trials may want to
consider dose escalation and formulations with improved
bioavailability [92]. A large, well-conducted study is need-
ed for a better understanding of whether cannabinoids are
a useful treatment for people living with dementia [93].
Furthermore, many pharmacological details are yet to be
determined, such as dosing, treatment duration, and con-
centrations of active compounds such as CBD [94].
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